Introduction {#S1}
============

The destruction of the World Trade Center (WTC) buildings in New York City after the terrorist attack on September 11, 2001 resulted in a massive dust cloud containing partially combusted and/or pulverized wood, paper, and jet fuel; pulverized construction materials including asbestos, glass, silica, fiberglass, and concrete; complex organic chemicals; lead and other metals; and other potentially hazardous materials ([@B1]). Adverse respiratory effects of WTC exposure have been widely documented and have shown consistent dose--response relationships ([@B2], [@B3]). We and others have found a high postexposure health burden of aerodigestive conditions, a category that includes lower respiratory diseases such as asthma, chronic bronchitis, and COPD/emphysema, which together are categorized as obstructive airways disease (OAD); upper respiratory diseases that were predominantly chronic rhinosinusitis (CRS); and gastroesophageal reflux disease (GERD) ([@B2], [@B4], [@B5]). In the decade and a half since the disaster, a subgroup of WTC-exposed workers have experienced chronic inflammation at mucosal surfaces in the nose, sinuses, and lungs, producing CRS ([@B3], [@B6]), reactive airway disease, and GERD, which may be due to caustic esophageal exposure in the context of accidental ingestion. The common pathway for these conditions may be postexposure airway inflammation and hyperresponsiveness ([@B7]). By 2015, nearly 30% of Fire Department of the City of New York (FDNY) WTC rescue/recovery workers had a physician diagnosis of CRS, 28% GERD, and 24% OAD ([@B8]).

High comorbidity rates of WTC-related aerodigestive conditions have been commonly reported ([@B9]--[@B12]). Notably, the percentage of WTC rescue/recovery workers diagnosed with all three aerodigestive conditions ranged from approximately 10--30% ([@B8], [@B10], [@B11]). Clinical reasons for disease co-occurrence remain unknown. GERD may cause lower and upper respiratory diseases or exacerbate persistent airway irritation ([@B13], [@B14]). Alternatively, OAD or CRS may cause or exacerbate GERD through mechanically induced inflammation (e.g., cough, postnasal drip, mucous), drug effects (theophylline, corticosteroids), or shared neurological pathways.

We have previously reported that FDNY WTC rescue/recovery workers were more frequently diagnosed with OAD than CRS in the months and years after exposure, but that over time, diagnoses of CRS increased ([@B2], [@B3], [@B15]). Similarly, about 6 years postexposure, GERD diagnoses, which had the lowest immediate post-9/11 incidence of these aerodigestive conditions, started to increase (unpublished data). The role, if any, of an early OAD diagnosis in subsequent diagnoses of CRS and/or GERD was unclear. Given our access to FDNY's electronic medical records system, which includes dates of diagnoses, we explored the associations between post-WTC exposure OAD diagnoses in relation to CRS and GERD in a cohort of FDNY WTC-exposed firefighters. Specifically, our aims were to 1) assess how a diagnosis of OAD affects the likelihood of a subsequent diagnosis of CRS or GERD and 2) assess whether OAD acts as a mediator of the associations between WTC exposure and CRS and WTC exposure and GERD.

Materials and Methods {#S2}
=====================

The source population consisted of FDNY male firefighters who were active (i.e., non-retired) on September 11, 2001 and who arrived at the WTC site to participate in the rescue/recovery effort on or before September 24, 2001; who gave informed consent for research; and who had at least one visit to the FDNY Bureau of Health Services (FDNY-BHS) for treatment of any medical condition after exposure (*N* = 10,181). After excluding firefighters with pre-WTC exposure evidence of OAD, CRS, or GERD in their FDNY-BHS medical records, the final analysis cohort consisted of 8,968 participants.

Demographic information such as age, race, and retirement status was obtained from the FDNY employee database. WTC exposure intensity was obtained from participants' first post-9/11 health questionnaire. Since 1996, FDNY-BHS has used an electronic medical record system, which contains in-house physician diagnoses and information from diagnostic tests such as endoscopy, spirometry, methacholine challenge tests, and chest CT scans.

WTC exposure intensity was categorized by time of initial arrival to the WTC site: on the morning of September 11, 2001 (high); in the afternoon of September 11, 2001, or anytime on September 12, 2001 (moderate); and on any day between September 13, 2001, and September 24, 2001 (low) ([@B2], [@B3], [@B15]).

New-onset OAD, CRS, and GERD conditions were diagnosed by FDNY-BHS physicians. We reviewed the FDNY electronic medical record database for the first documented mention of these conditions between September 11, 2001, and September 10, 2011. We used the same case definitions for OAD and CRS as previously described ([@B2], [@B3], [@B15]). Briefly, an OAD case had any of the following: 1) two or more diagnoses of asthma documented at least 30 days apart, 2) two or more diagnoses of COPD/emphysema documented at least 30 days apart, or 3) two chronic bronchitis diagnoses recorded within 1 year of each other, followed by at least one additional chronic bronchitis diagnosis within the next 3 years. A CRS case required a diagnosis of either CRS or irritant chronic rhinitis and at least one abnormal diagnostic test result (either nasal laryngoscopy or sinus CT scan). A GERD case required two or more diagnoses documented at least 30 days apart of gastroesophagitis, esophagitis reflux, or Barrett's esophagus.

Statistical Analysis {#S2-1}
--------------------

We separately fit piecewise exponential survival models ([@B15]) to assess whether an OAD diagnosis increased the likelihood of a subsequent diagnosis of either CRS or GERD. Piecewise exponential survival models are similar to Cox regression models, but unlike Cox regression models in which the baseline hazard changes with every event, these models allow the baseline hazard to change at a large, but finite number of time points. Because Poisson regression models are mathematically identical to exponential survival models, we used a Poisson likelihood to fit the following models: $$\log\left\{ {E\left( Y_{i} \middle| a_{1i},a_{2i},m_{i},c_{i} \right)} \right\} = \log\left\{ T_{i} \right\} + \alpha_{0}^{*} + \alpha_{1}^{*}a_{1i} + \alpha_{2}^{*}a_{2i} + \alpha_{c}^{*}\,^{\prime}c_{i}.$$ $$\log\left\{ {E\left( Y_{i} \middle| a_{1i},a_{2i},m_{i},c_{i} \right)} \right\} = \log\left\{ T_{i} \right\} + \alpha_{\,_{0}}^{**} + \alpha_{m}^{**}m_{i} + \alpha_{c}^{**}\,^{\prime}c_{i}.$$ $$\begin{matrix}
{\log\left\{ {E\left( Y_{i} \middle| a_{1i},a_{2i},m_{i},c_{i} \right)} \right\} = \log\left\{ T_{i} \right\} + \alpha_{0} + \alpha_{1}a_{1i} + \alpha_{2}a_{2i} + \,\alpha_{m}m_{i} + {\alpha^{\prime}}_{c}c_{i}.} \\
\end{matrix}$$

Here, *Y~i~* is the number of incident cases of the outcome of interest (CRS or GERD) for stratum *i* defined by unique combinations of predictors---age as of September 11, 2001, retirement status (time dependent), last known smoking status (never, former, current), and follow-up time (3-month long-time intervals); *T~i~* is the total follow-up time at risk across all study participants contributing follow-up time to stratum *i*; *a*~1~*~i~* is a dummy variable taking the value of 1 for high exposure and 0 for moderate or low exposure; *a*~2~*~i~* is a dummy variable taking the value of 1 for moderate exposure and 0 for high or low exposure; *m~i~*, the mediator, is a time-dependent variable taking the value 1 for strata including follow-up time after individuals have received OAD diagnoses and 0 otherwise; and *c~i~* is a vector containing all other covariate values for that stratum. In our analyses, we allowed the baseline hazard to change every 3 months, and dummy variables that accomplish this are included in the vector *c~i~*. *Y~i~* is modeled as a Poisson random variable and *m~i~* as a binary random variable, and a full likelihood approach is used. In addition, in piecewise exponential survival models, actual baseline rates can be estimated from the data, and the relative hazards are also relative rates (RRs). Follow-up time began on September 11, 2001, and ended with the earliest of the following: incident GERD or CRS diagnosis date (depending on the outcome of interest), death date, date of latest treatment visit to FDNY-BHS, or the end of the study period (September 10, 2011). Date of latest FDNY treatment visit was used in follow-up time calculation to ensure that participants had an opportunity to receive an aerodigestive diagnosis. We then included diagnoses of OAD as a time-dependent predictor to the models to see how it was associated with CRS and GERD. SAS PROC GENMOD was used to fit the models.

Mediation, as schematically depicted by Figure [1](#F1){ref-type="fig"}, is sometimes measured by the difference in effects between a model that includes the mediator such as Eq. [3](#E3){ref-type="disp-formula"} and a model that does not include the mediator such as Eq. [1](#E1){ref-type="disp-formula"} above. Relevant effects are defined as $$\begin{array}{l}
{{RDE}_{1} = \alpha_{1},} \\
{{TE}_{1} = \alpha_{1}^{*},} \\
\end{array}$$ where RDE~1~ = α~1~ is the regression direct effect, the log relative hazard (or RR) of incident CRS or GERD from being in the high- vs. low-exposure group when OAD is included in the model and ${TE}_{1} = \alpha_{1}^{*}$ is the total effect, the log relative hazard (or RR) of incidence CRS or GERD from being in the high- vs. low-exposure group when OAD is not included in the model. Similar measures are defined for the contrast between moderate- and low-exposure groups. $\alpha_{1} - \alpha_{1}^{*}$ has often been used as a measure of mediation by *m*, but in order for it to be an accurate measure of mediation, the following assumptions must be met: no interaction between the risk factor of interest (here, WTC exposure), no unmeasured confounding, and collapsible measures of effect. The first two assumptions are in doubt in our study, so we also performed a formal causal mediation analysis as follows.

![**Model schematic of assessing obstructive airways disease as a mediator (*M*~1~) of the association between World Trade Center (WTC) exposure (*X*~1~) and CRS (*Y*~1~) and between WTC exposure and gastroesophageal reflux disease (*Y*~2~)**.](fpubh-05-00002-g001){#F1}

### Causal Mediation Analysis {#S2-1-1}

To better evaluate the possibility that diagnoses of OAD acted as a mediator for the effect of WTC exposure on the incidence of CRS and GERD, we then fit the following model, similar to that of VanderWeele ([@B16]): $$\begin{matrix}
{\log\left\{ {E\left( Y_{i} \middle| a_{1i},a_{2i},m_{i},c_{i} \right)} \right\} = \log\left\{ T_{i} \right\} + \theta_{0} + \theta_{1}a_{1i} + \theta_{2}a_{2i} + \theta_{m}m_{i} + \,\theta_{{int}1}a_{1i}m_{i} + \theta_{{int}2}a_{2i}m_{i} + {\theta^{\prime}}_{c}c_{i}.} \\
\end{matrix}$$
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Variables are as defined above for Eqs [1](#E1){ref-type="disp-formula"}--[3](#E3){ref-type="disp-formula"}. SAS PROC HPNLMOD was used for the model fitting. This approach allowed us to directly estimate the following quantities: $$\begin{array}{l}
{{CDE}_{1} = \theta_{1}.} \\
{{INT}_{{ref}1} = \theta_{{int}1}\left( {\beta_{0} + {\beta^{\prime}}_{c}c_{i}} \right)a_{1i}.} \\
{{INT}_{{med}1} = \theta_{{int}1}\beta_{1}.} \\
{{PIE}_{1} = \theta_{M}\beta_{1}.} \\
{{TE}_{1} = {CDE}_{1} + {INT}_{{ref}1} + {INT}_{{med}1} + {PIE}_{1}.} \\
\end{array}$$

The controlled direct effect CDE~1~ = θ~1~ is the effect of the risk factor (WTC exposure---being in the high- vs. the low-exposure group) on the outcome (CRS or GERD diagnosis incidence) when the mediator (OAD diagnosis) is not present; ${INT}_{{ref}1} = \theta_{{int}1}\left( {\beta_{0} + {\beta^{\prime}}_{c}c_{i}} \right)a_{1i}$ is the reference interaction between WTC exposure and predictors other than diagnosis of OAD, a measure of the degree of effect modification other than through the mediator; INT~med1~ = θ~int1~β~1~ is the interaction between WTC exposure and the mediator (OAD diagnosis) itself; PIE~1~ = θ*~M~*β~1~ is the pure indirect effect from the product approach; and TE~1~ is the total effect of exposure on incidence. The proportion mediated is PIE~1~/TE~1~ and is of primary interest. As INT~ref1~ depends on the additional model predictors; for our analyses, we used the predictors for the last time interval for a never smoking firefighter aged 40--45 years as of September 11, 2001. Similar quantities were estimated for the effect of being in the moderate- vs. low-exposure group. Approximate confidence intervals were estimated using 1,000 bootstrap replications.

Because the FDNY WTC Health Program started to offer free medications for WTC-related health conditions starting in 2007, we performed sensitivity analyses by refitting all models described above, but beginning follow-up time on September 11, 2006. All analyses were conducted in SAS (SAS v9.4, SAS Institute, Cary, North Carolina).

This study was approved by the Institutional Review Board of the Albert Einstein College of Medicine and Montefiore Medical Center; all study participants gave written consent for research.

Results {#S3}
=======

Table [1](#T1){ref-type="table"} shows characteristics of the study population. Most study participants (71%) were in the moderate-exposure group, and over a third (37%) was ever smokers. GERD had the highest post-9/11 incidence (27%), followed by OAD (23%) and CRS (19%). About 96% of those with post-9/11 GERD had at least one endoscopy. Among those with incident OAD, 87% had at least one of the following pulmonary assessments: pulmonary functions testing with bronchodilator response, methacholine challenge tests, or chest CT scans. Among those with incident CRS, 100% had either an abnormal sinus CT or ENT laryngoscopy as at least one abnormal diagnostic test was required in our case definition. There was a clear exposure response gradient for incidences of all three aerodigestive conditions.

###### 

**Characteristics of the Fire Department of the City of New York firefighter study population by World Trade Center (WTC) exposure intensity**.

                                                                       High WTC exposure (*N* = 1,473)   Moderate WTC exposure (*N* = 6,391)   Low WTC exposure (*N* = 1,104)   Total (*N* = 8,968)
  -------------------------------------------------------------------- --------------------------------- ------------------------------------- -------------------------------- ----------------------
  Age on September 11, 2001 (years), median (IQR)                      39.50 (34.60--45.30)              39.30 (34.20--44.90)                  40.90 (35.00--46.50)             39.60 (34.40--45.10)
  Ever smoker, *N* (%)                                                 546 (37.07)                       2,358 (36.90)                         442 (40.04)                      3,346 (37.31)
  Physician visits, median (IQR)                                       28 (14--47)                       28 (14--46)                           26 (11--44)                      28 (13--46)
  Incident gastroesophageal reflux disease (GERD), *N* (%)             462 (31.36)                       1,708 (26.73)                         254 (23.01)                      2,424 (27.03)
  Overall obstructive airways disease incidence per 100 person-years   3.56                              2.62                                  1.98                             2.68
  Overall chronic rhinosinusitis incidence per 100 person-years        2.79                              2.23                                  1.47                             2.22
  Overall GERD incidence per 100 person-years                          3.49                              2.92                                  2.48                             2.96

Figure [2](#F2){ref-type="fig"} shows the crude (unadjusted) incidence rates of OAD, CRS, and GERD by WTC exposure intensity over 10 years of follow-up. Immediately after 9/11, OAD incidence rates were high, whereas the rates of CRS and GERD remained low. Starting in year 6 (2007), rates of all three aerodigestive conditions increased.

![**Crude (unadjusted) incidence rates of aerodigestive conditions by World Trade Center (WTC) exposure intensity over 10 years among World Trade Center-exposed Fire Department of the City of New York (FDNY) firefighters**. Incidence rates are per 100 person-years among 8,968 FDNY firefighters. Years are in 9/11 years, e.g., "Year 1" corresponds to September 11, 2001--September 10, 2002.](fpubh-05-00002-g002){#F2}

In piecewise exponential survival models, individuals with an OAD diagnosis have elevated risks for subsequent diagnoses of either CRS \[RR, 4.24 (95% CI, 3.78--4.76)\] and/or GERD \[RR, 3.21 (95% CI, 2.93--3.52); Table [2](#T2){ref-type="table"}\]. An OAD diagnosis remains a significant risk factor for both health outcomes after accounting for WTC exposure. Table [2](#T2){ref-type="table"} shows results from Eqs. [1](#E1){ref-type="disp-formula"}, [2](#E2){ref-type="disp-formula"}, and [3](#E3){ref-type="disp-formula"} above; they suggest a potential role of OAD as a mediator of the association between WTC exposure and CRS and GERD, respectively. Specifically, WTC exposure is significantly associated with both CRS and GERD. After including OAD in each model, the association between WTC exposure and each aerodigestive condition was reduced.

###### 

**Piecewise exponential survival models for the association of WTC exposure, and OAD diagnosis, with CRS and GERD, separately**.

  Estimate                                                      Model 1---total effect of WTC exposure OAD ignored   Model 2---effect of OAD diagnosis, WTC exposure ignored   Model 3---regression direct effect of WTC exposure                       
  ------------------------------------------------------------- ---------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------- ------------ ------ ------------
  **Models for incidence of chronic rhinosinusitis**                                                                                                                                                                                                    
  WTC exposure: high vs. low                                    1.90                                                 1.56--2.31                                                N/A                                                               1.70   1.40--2.06
  WTC exposure: high vs. moderate                               1.28                                                 1.14--1.44                                                N/A                                                               1.21   1.08--1.36
  WTC exposure: moderate vs. low                                1.48                                                 1.25--1.76                                                N/A                                                               1.40   1.18--1.66
  Effect of OAD diagnosis                                       N/A                                                                                                            4.24                                                 3.78--4.76   4.14   3.69--4.65
  **Models for incidence of gastroesophageal reflux disease**                                                                                                                                                                                           
  WTC exposure: high vs. low                                    1.48                                                 1.27--1.73                                                N/A                                                               1.30   1.11--1.51
  WTC exposure: high vs. moderate                               1.19                                                 1.07--1.32                                                N/A                                                               1.12   1.01--1.24
  WTC exposure: moderate vs. low                                1.25                                                 1.09--1.42                                                N/A                                                               1.16   1.01--1.32
  Effect of OAD diagnosis                                       N/A                                                                                                            3.21                                                 2.93--3.52   3.16   2.89--3.47

*All models were fit using piecewise exponential survival models and included age, retirement status, smoking status, and season as covariates. Models are defined in the text in Eqs [1](#E1){ref-type="disp-formula"}--[3](#E3){ref-type="disp-formula"}*.

Table [3](#T3){ref-type="table"} shows the results from the causal mediation analysis, Eqs. [5](#E5){ref-type="disp-formula"} and [6](#E6){ref-type="disp-formula"} above. The estimates for the controlled direct effect are slightly lower than that of the regression direct effects from the models presented in Table [2](#T2){ref-type="table"}: For example, in Eq. [3](#E3){ref-type="disp-formula"}, the log RR (log hazard ratio) for incidence of CRS in the high- vs. low-exposure group was 0.53 vs. 0.49 in the in the causal mediation model 5 and 6. This was also true for the moderate vs. low exposure contrast (log RRs 0.34 vs. 0.30) and for the corresponding contrasts in the models for GERD incidence (0.26 vs. 0.24 for high vs. low exposure and 0.15 vs. 0.12 for moderate vs. low exposure). Interactions are all small and non-significant, and there is some mediation of the effect of WTC exposure on incidence of CRS and GERD by OAD diagnosis: 10--13% for CRS incidence and 21% for GERD incidence.

###### 

**Results from causal mediation analyses examining the effect of OAD diagnosis as a mediator for chronic rhinosinusitis and gastroesophageal reflux disease**.

                                                                                       High vs. low exposure   Moderate vs. low exposure                            
  ------------------------------------------------------------------------------------ ----------------------- --------------------------- ------- ------- -------- -------
  **Causal mediation models for chronic rhinosinusitis diagnosis**                                                                                                  
  Controlled direct effect                                                             0.485                   0.300                       0.632   0.302   0.085    0.495
  Interaction in absence of mediator                                                   0.011                   −0.016                      0.042   0.010   −0.007   0.042
  Mediated interaction                                                                 0.011                   −0.013                      0.038   0.005   −0.003   0.017
  Pure indirect effect                                                                 0.061                   0.026                       0.093   0.028   0.012    0.050
  Total effect                                                                         0.567                   0.377                       0.718   0.344   0.137    0.539
  Proportion mediated                                                                  0.131                   0.081                       0.190   0.104   0.044    0.208
  **Results from conventional models for chronic rhinosinusitis diagnosis**                                                                                         
  Regression direct effect                                                             0.531                   0.336                       0.723   0.336   0.166    0.507
  Total regression effect                                                              0.642                   0.445                       0.837   0.392   0.223    0.565
  **Causal mediation models for gastroesophageal reflex disease diagnosis**                                                                                         
  Controlled direct effect                                                             0.243                   0.073                       0.427   0.124   −0.024   0.274
  Interaction in absence of mediator                                                   0.002                   −0.014                      0.023   0.003   −0.012   0.023
  Mediated interaction                                                                 0.002                   −0.020                      0.025   0.002   −0.008   0.011
  Pure indirect effect                                                                 0.063                   0.036                       0.095   0.031   0.015    0.051
  Total effect                                                                         0.310                   0.146                       0.486   0.160   0.023    0.302
  Proportion mediated                                                                  0.211                   0.112                       0.467   0.206   0.082    0.967
  **Results from conventional models for gastroesophageal reflux disease diagnosis**                                                                                
  Regression direct effect                                                             0.262                   0.104                       0.412   0.148   0.010    0.278
  Total regression effect                                                              0.392                   0.239                       0.548   0.223   0.086    0.351

*Causal mediation models are defined in Eqs [5](#E5){ref-type="disp-formula"} and [6](#E6){ref-type="disp-formula"} in the text; conventional models are defined in Eqs [1](#E1){ref-type="disp-formula"} and [3](#E3){ref-type="disp-formula"}. The quantities shown in the tables are defined in Eqs [7](#E7){ref-type="disp-formula"} and [4](#E4){ref-type="disp-formula"} in the text. Confidence intervals for causal mediation models based on 1000 bootstrap simulations; confidence intervals for conventional models based are large sample Wald-type intervals*.

In sensitivity analyses, we found that the estimates from models in which follow-up started on September 11, 2006, were similar to estimates from models displayed in Table [2](#T2){ref-type="table"} (Table [4](#T4){ref-type="table"}). For most contrasts, the proportion mediated was lower than for the complete follow-up (Table [5](#T5){ref-type="table"}).

###### 

**Models for incidence of chronic rhinosinusitis and GERD that began follow-up time on September 11, 2006**.

  Estimate                                                      Model 1---total effect of WTC exposure, OAD ignored   Model 2---effect of OAD diagnosis, WTC exposure ignored   Model 3---regression direct effect of WTC exposure                       
  ------------------------------------------------------------- ----------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------- ------------ ------ ------------
  **Models for incidence of chronic rhinosinusitis**                                                                                                                                                                                                     
  WTC exposure: high vs. low                                    1.93                                                  1.52--2.44                                                N/A                                                               1.74   1.38--2.20
  WTC exposure: high vs. moderate                               1.26                                                  1.09--1.46                                                N/A                                                               1.21   1.04--1.39
  WTC exposure: moderate vs. low                                1.52                                                  1.24--1.88                                                N/A                                                               1.45   1.17--1.78
  Effect of OAD diagnosis                                       N/A                                                                                                             3.52                                                 3.07--4.04   3.45   3.00--3.96
  **Models for incidence of gastroesophageal reflux disease**                                                                                                                                                                                            
  WTC exposure: high vs. low                                    1.40                                                  1.20--1.64                                                N/A                                                               1.25   1.07--1.47
  WTC exposure: high vs. moderate                               1.16                                                  1.04--1.29                                                N/A                                                               1.10   0.99--1.23
  WTC exposure: moderate vs. low                                1.21                                                  1.06--1.39                                                N/A                                                               1.14   0.99--1.30
  Effect of OAD diagnosis                                       N/A                                                                                                             2.79                                                 2.53--3.07   2.75   2.50--3.03

*All models were fit using piecewise exponential survival models and included age, retirement status, smoking status, and season as covariates. Models are defined in the text in Eqs [1](#E1){ref-type="disp-formula"}--[3](#E3){ref-type="disp-formula"}*.

###### 

**Results from causal mediation analyses examining the effect of OAD diagnosis as a mediator for chronic rhinosinusitis and gastroesophageal reflux disease for follow-up beginning September 11, 2006**.

                                                                                       High vs. low exposure   Moderate vs. low exposure                            
  ------------------------------------------------------------------------------------ ----------------------- --------------------------- ------- ------- -------- -------
  **Causal mediation models for chronic rhinosinusitis diagnosis**                                                                                                  
  Controlled direct effect                                                             0.542                   0.288                       0.856   0.352   0.125    0.637
  Interaction in absence of mediator                                                   0.001                   −0.017                      0.013   0.000   −0.007   0.005
  Mediated interaction                                                                 0.001                   −0.018                      0.018   0.001   −0.012   0.013
  Pure indirect effect                                                                 0.029                   0.014                       0.046   0.015   0.008    0.028
  Total effect                                                                         0.573                   0.333                       0.886   0.369   0.148    0.642
  Proportion mediated                                                                  0.057                   0.026                       0.108   0.048   0.021    0.101
  **Results from conventional models for chronic rhinosinusitis diagnosis**                                                                                         
  Regression direct effect                                                             0.554                   0.322                       0.788   0.372   0.157    0.577
  Total regression effect                                                              0.658                   0.419                       0.892   0.419   0.215    0.631
  **Causal mediation models for gastroesophageal reflux disease**                                                                                                   
  Controlled direct effect                                                             0.244                   0.069                       0.440   0.135   −0.011   0.295
  Interaction in absence of mediator                                                   −0.002                  −0.016                      0.010   0.000   −0.007   0.006
  Mediated interaction                                                                 −0.002                  −0.014                      0.012   0.000   −0.011   0.012
  Pure indirect effect                                                                 0.034                   0.018                       0.054   0.018   0.008    0.030
  Total effect                                                                         0.275                   0.103                       0.464   0.152   0.012    0.305
  Proportion mediated                                                                  0.136                   0.056                       0.332   0.289   0.038    0.696
  **Results from conventional models for gastroesophageal reflux disease diagnosis**                                                                                
  Regression direct effect                                                             0.223                   0.068                       0.385   0.131   −0.010   0.262
  Total regression effect                                                              0.336                   0.182                       0.495   0.191   0.058    0.329

*Causal mediation models are defined in Eqs [5](#E5){ref-type="disp-formula"} and [6](#E6){ref-type="disp-formula"} in the text; conventional models are defined in Eqs [1](#E1){ref-type="disp-formula"} and [3](#E3){ref-type="disp-formula"}. The quantities shown in the tables are defined in Eqs [7](#E7){ref-type="disp-formula"} and [4](#E4){ref-type="disp-formula"} in the text. Confidence intervals for causal mediation models based on 1000 bootstrap simulations; confidence intervals for conventional models based are large sample Wald-type intervals*.

Discussion {#S4}
==========

We found that WTC-exposed firefighters with an OAD diagnosis had more than four times the risk of subsequently being diagnosed with CRS and three times the risk of being subsequently diagnosed with GERD. Further, we showed that an OAD diagnosis partially mediates the association between WTC exposure and GERD and between WTC exposure and CRS. There are at least two explanations of our findings: biologic, meaning vulnerability of individuals with OAD; and structural, meaning healthcare practices of physicians at FDNY and elsewhere.

In causal mediation analyses, we found that OAD diagnoses mediated 13% of the effect of being in the high vs. low WTC exposure group on the incidence of CRS and 21% of the effect on the incidence of GERD. This is somewhat less than the amount of mediation that would have been estimated by comparing the regression coefficients in models with and without OAD (17 and 34%, respectively). This shows that non-significant interactions, as observed in this study, can affect estimates from the causal mediation analyses. Future studies on mediation should consider the possible effects of interactions on mediation estimates.

Possible biologic explanations include the noteworthy hypothesis that OAD, CRS, and GERD are all a consequence of non-resolving inflammation at aerodigestive mucosal surfaces exposed to caustic WTC dust. Thus, the association of OAD with CRS and with GERD could demonstrate elevated individual risk for mucosal injury due to specific exposure conditions or patient intrinsic vulnerability ([@B3]). Another explanation posits that OAD or CRS may cause or exacerbate GERD through mechanically induced inflammation (e.g., cough, postnasal drip, mucous). Third, WTC-exposed individuals with a diagnosis of OAD have diminished capacity for physical activity, possibly leading to reduced fitness and substantial weight gain, which is an independent risk factor for GERD. Finally, OAD medications such as corticosteroids or theophylline may also lead directly to GERD. Non-biologic or structural explanations include the likelihood that individuals with an OAD diagnosis are regularly seen for treatment at FDNY-BHS, which increases the opportunity for those individuals to receive additional diagnoses, including CRS or GERD. At this point, deeper investigation is warranted. The reduced mediation in the sensitivity analyses of the post-2006 follow-up may be evidence for a non-biologic cause early in the follow-up period.

We also acknowledge that reverse causality of the aerodigestive conditions is biologically plausible: that is, CRS or GERD may trigger OAD symptoms such as cough and shortness of breath. If therapeutic interventions intended to improve OAD symptoms were ineffective because the symptoms were due to CRS or GERD, further diagnostic testing could have confirmed CRS or GERD as the etiology of cough and shortness of breath. A main limitation of this study is that the low incidence rates of CRS and GERD in the first 5 years after 9/11 did not allow us to statistically test this hypothesis. Further, the date of diagnosis may not coincide with disease onset if participants delay seeking treatment, which complicates efforts to establish the temporal occurrence, and thus the causal relationship, of OAD, CRS, and GERD. Another limitation is we cannot determine whether individuals with CRS or GERD symptoms sought treatment outside of FDNY-BHS in the immediate years after 9/11, which could have partially accounted for the low incidence rates. Moreover, we observed that incidence rates of CRS, GERD, and OAD all increased after 2007, the year that FDNY WTC Health Program started to provide free medications for WTC-related health conditions. This further complicates our understanding of whether the increased incidence rates after 2007 reflect delayed diagnoses of CRS or GERD or the progressive development of disease. Finally, we acknowledge that there may be unmeasured confounders in this study, which may bias the results of mediation analysis in log-linear models. Although we have included major risk factors for both CRS and GERD as confounders in the respective models, there may be other confounders that we have not captured.

A primary strength of this prospective cohort study is our access to FDNY's electronic medical records database, which includes dates of diagnoses documented before and after 9/11. We were able to exclude individuals with pre-9/11 evidence of any of three aerodigestive conditions, so we are confident that the diagnoses we included were new post-9/11. Diagnosis dates also allowed us to establish the temporal order of the exposure (WTC-exposure), posited mediator (OAD), and both health outcomes (CRS and GERD), enabling us to conduct mediation analyses.

The combined effects of upper and lower airways disease and GERD have resulted in persistent adverse symptoms, which continue to have a negative impact on the quality of life ([@B11], [@B12], [@B17], [@B18]). Study findings support continued medical monitoring of WTC-exposed individuals as well as long-term monitoring and treatment for future disasters with high-intensity exposures.
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